Track and vertex finding in LHC experiments are challenging tasks: combinatorial pattern recognition algorithms have to be made fast enough to allow the use of tracks and vertices at trigger level, in spite of the high charged particle multiplicity expected. In addition, precise estimation of track and vertex parameters is rendered difficult by the large background of soft tracks, noise hits, and non-Gaussian tails of the hit resolutions and of multiple scattering. In this paper, we describe track and vertex finding in the CMS experiment, with an emphasis on their application at High-Level Trigger. We also describe the application of robust fitting techniques to track and vertex reconstruction in CMS, in order to reduce the effect of noise and non-Gaussian tails.
Introduction
The CMS Tracker is a cylindric detector of 5. To cope with the rate of background events at the LHC, a large fraction of the detector data will be analysed online for event selection. The CMS trigger system consists of a hardware Level-1 trigger, provided by the calorimeters and the muon system, and a software High-Level Trigger (HLT) running on a farm of a few thousand commercial processors. The data from the tracker become available right after the Level-1 trigger. This allows the use of the tracker at early trigger stages, provided that reconstruction algorithms can be made fast enough. The use of standard processors in the HLT farm makes it possible to use offline-quality code online, providing a high flexibility for the trigger, and avoiding code duplication.
In this paper, we describe track and vertex reconstruction in the CMS experiment, for both offline and online applications. In section 2 the CMS track finding is described, with an emphasis on the techniques that have been developed to reduce computation time. At extremely high particle densities like in Heavy Ion collisions, the default track finding has to be further adapted. The modifications are also described in section 2. In section 3 the Gaussian-Sum technique introduced to account for non-Gaussian tails in track fitting is explained. Results for low momentum electrons are shown. In section 4 vertex finding in CMS is presented, with an emphasis on online primary vertex finding. Robust vertex fitting techniques, introduced in order to reduce the influence of mis-measured and mis-associated tracks on the vertex precision, are discussed in section 5.
Track reconstruction

Offline track reconstruction
Offline track reconstruction in CMS proceeds as follows: helix originating from the beam spot area within some tolerance; each track seed is grown into a track using a Kalman filter [2] algorithm. Successive steps of extrapolation into the next detection layer, and improvement of the track parameters by including compatible hits, are performed. Track building proceeds until the outermost tracker layer is reached, or until no hits are found in two successive layers. The latter condition traduces the fact that, with efficient and hermetic detection layers, particles cannot cross two successive layers without leaving a hit. Hence, efficient and hermetic detection layers are of great help in reducing the amount of track candidates to be grown; 7 duplicated tracks are removed on the basis of the number of hits shared; 7 a final track smoothing [2] is performed, providing optimal precision of the track parameters all along the particle trajectory, in particular at the interaction region and at the entry point into the electromagnetic calorimeter.
This procedure is called the combinatorial Kalman filter.
The efficiency to reconstruct tracks with the combinatorial Kalman filter is ¡ £ ¢ ¥ ¤ for single muons with
the efficiency drops progressively, due to the reduction of acceptance. The efficiency for single pions is lower, about 85%, due to nuclear interaction with the tracker material. 
Track reconstruction at High Level Trigger
To allow fast track reconstruction at the High Level Trigger, the offline combinatorial Kalman filter must be combined with other techniques:
Conical regions of interest are defined around calorimeter clusters or muon candidates reconstructed at Level-1 trigger, with the primary vertex of the hard " I H P " collision as the origin of the cone. Since the LHC beam spot has a large RMS of 5.3 cm in¨, a fast reconstruction of the primary vertex must be performed to better define the cone origin. This reconstruction is described in section 4.
partial reconstruction. Track reconstruction stops as soon as the precision of the track parameters is sufficient for event selection. Figure 4 shows the transverse impact parameter resolution of tracks in -jets as a function of the number of hits for tracks with
Tracks with 5-6 hits are reconstructed with a precision comparable to the offline reconstruction, while the processing time is reduced by a factor around 1.4 [3] .
Track reconstruction in Heavy Ion collisions
In heavy ion collisions the extremly high particle density of up to 3000 charged particles per unit rapidity in central events leads to a very high detector occupancy in the silicon strip detectors. To cope with the resulting combinatorial problem the default track reconstruction procedure needs to be modified as follows:
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The seeding of the track reconstruction relies on triple-hit combinations in the pixel detectors to achieve more precise initial estimates of the track parameters.
Merged hits are recognised in the silicon strip detectors by comparing the found cluster width with the width expected from the angle of the trajectory to the detector surface. An error proportional to the cluster width is assigned to merged hits.
In the final smoothing step, hits in the double silicon strip layers are split and treated as separate hits.
To protect against fake tracks the final track sample can be selected based on the quality of the reconstructed tracks. The reconstruction quality can be addressed by the number of reconstructed hits on the track, the ¡ £ ¢ -probablity of the track fit and the compatibility of the track with the event vertex.
With these modifications a high algorithmic reconstruction efficiency can be achieved in central heavy ion collisions while retaining a very low fake rate. Figure 5 shows the track reconstruction efficiency and rate of fake tracks as function of transverse momentum in the barrel region of the tracker for a track sample selected by requiring 12 hits on track (counting stereo hits as 2 hits), a ¡ ¤ ¢ probability bigger than £¤ and a 3 sigma compatibility cut with the event vertex. The momentum and impact parameter resolution achieved in heavy ion collisions is comparable to the resolution in low occupancy ¦ ¥ events.
Gaussian-Sum track reconstruction for electrons
Several advanced track fitting techniques have been introduced in CMS: the Deterministic Annealing Filter [4] , aiming at reducing the effect of noise hits by attributing them a low weight in the track fit, the Multi-Track Fit [4] , a simultaneous fit of several tracks suited to very dense jets, and the Gaussian-Sum Filter (GSF). The Gaussian-Sum Filter is an algorithm which is suitable when the energy loss is non-Gaussian, like in the case of bremsstrahlung from electron tracks, and when measurement errors are not Gaussian. It will be described further below. The application of the Deterministic Annealing Filter and the Multi-Track Fit to track fitting will not be described here, but similar techniques applied to vertex fitting will be discussed further in the text.
The CMS tracker contains a significant amount of material due to the silicon detectors and to services (from 0.4 up to 1.4 radiation lengths depending on # ) . The bremsstrahlung energy loss distribution of electrons propagating in matter is described by the Bethe-Heitler model and it is highly non-Gaussian. With the Gaussian-Sum Filter, the energy loss distribution is modeled by a mixture of Gaussian components. The track parameters also become distributed like a Gaussian mixture. The GSF is implemented as a number of Kalman filters running in parallel, where each Kalman filter corresponds to the combination of one component of the energy loss distribution with one component of the track parameter distribution. The combination of each component of the track parameters with each component of the energy loss at each detection layer leads to an exponential explosion of the number of components. In order to limit this number, components are merged together according to a given distance definition and replaced by a single Gaussian [5] . This merging is done at each detection layer. are due to the fact that the radiation in the innermost layer of the Tracker can not be detected. This effect can be partially compensated by including a vertex constraint. In addition, an improvement is expected if also the measured positions are modeled by a mixture of Gaussians.
Since the GSF accounts for track kinks due to bremsstrahlung, the selection of the electron track hits can be refined. Figure 7 shows a comparison of the distributions of the number of hits, for offline electron track reconstruction based on the GSF (e-GSF), for standard offline track reconstruction (default KF), and for High-Level Trigger electron reconstruction (HLT electrons). GSF-based tracking selects most electron hits, i.e. up to the outer tracker layer. A precise estimate of the electron momentum is provided at each tracker layer. The difference in momentum at the primary vertex and at the electromagnetic calorimeter surface shows, when using GSF-based tracking, a strong correlation with the simulated bremsstrahlung photon energy. This correlation could thus be used in order to detect electrons which have radiated a significant fraction of their energy.
Vertex Finding
Vertex reconstruction typically involves two steps: vertex finding, where clusters of tracks originating from the same vertex are grouped together as vertex candidates, and vertex fitting, where, from a set of tracks, the most compatible vertex position is computed and used to constrain track parameters at the vertex. The reconstruction of primary vertices can be performed at an early stage, using the Pixel detector alone. The first estimation of the primary vertex of the hard event is used to constrain track reconstruction (regional reconstruction).
Online vertex finding with the Pixel detector
The first estimation of the¨-coordinate of the primary vertex is obtained with the only Pixel detector response. A fast tracking is performed in order to find sets of three hits compatible with a track (tracklets), to be used as inputs to the vertex finding. Two algorithms have been implemented in CMS [6] :
the Histogramming method which clusterizes tracklets on the basis of their longitudinal impact parameter;
the Divisive method which iteratively discards tracklets incompatible with the vertex estimate and recover discarded tracklets to make a new vertex. 
Offline vertex finding
The offline vertex finding process is accomplished in two steps: first of all, primary vertices are reconstructed, identifying the one which triggered the event. Then, in -jet candidates, the reconstruction of displaced vertices is performed.
The main algorithm to search for primary and secondary vertex implemented in CMS adopts a divisive approach. Tracks with less than 5% compatibility to the vertex candidates are discarded and the search for secondary 
% £ ¦
GeV/ events is 95% with no pile-up and decreases to 92% at low luminosity.
In Figure 8 the efficiency to find secondary vertices in -jets with a 0 of 100 GeV/ and § # § ¡ ' & ¡ is shown as a function of the transverse impact parameter significance of the track with the second largest significance, and for two different requirements on the track association purity of the reconstructed secondary vertices. With a purity above 50%, the efficiency to find a secondary vertex in a -jet is around 48%, that allows an efficiency to identify -jets of about 50% with a mistagging rate below 1% [3] .
Vertex Fitting
Vertex fitting usually consists in a least-squares fit formulated as a Kalman filter. This method can be shown to be optimal when the measurement uncertainties are Gaussian and the vertex candidate is not contaminated by mismeasured or mis-associated tracks (outliers). Since none of these conditions will hold for the real data at the LHC, robust statistical methods have been envisaged for vertex fitting in CMS, as the Trimmed and the Adaptive Vertex Fitters [7] .
The Trimmed Vertex Fitter iteratively discards tracks on the basis of their compatibility to the vertex, starting from the worst, until no incompatible track is found. The Adaptive Fitter is a re-weighted least-squares fit, where tracks are down-weighted by a factor which is a sigmoidal function of the reduced track-vertex distance
. The weights are fractional (soft assignment) and are adapted in the course of iteration.
In order to have a better treatment of non-Gaussian tails of measurement errors, a Gaussian-Sum Vertex Fitter has also been developed and implemented. The performance of the Gaussian-Sum Vertex Fitter for simplified Monte-Carlo events is detailed in [8] and will not be discussed here.
The resolution, tails (95% coverage) and width of the pulls obtained with the least-squares, adaptive and trimmed fitters are listed in table 2 for different types of vertices. The adaptive and trimmed fitters are consistently more precise than the least-squares method. Tails in the vertex position residuals are largely reduced. The improvement is more pronounced in vertices with larger track multiplicity. It has however to be noted that the tracks included in the vertex are selected using Monte-Carlo generator information. The effect of track misassociations is thus not yet included. 
Conclusions
Simulation studies show that the CMS experiment has a robust and versatile central tracker, able to operate in the challenging environment of the LHC. The combinatorial Kalman filter algorithm developed for track reconstruction in CMS yields high track reconstruction efficiency, 98% for isolated muons within acceptance. The pixel detector located nearest to the beam is a key element: it is able to provide high-quality track seeds even at High-Level Trigger. This in turn allows primary vertex finding to be performed at High-Level Trigger. The identification of the primary vertex of the hard ¥ collision is useful in order to restrict tracking to particles originating from that vertex. Such techniques make track reconstruction fast enough to be used at High-Level Trigger, which will be an important asset for background rejection at the LHC. It has also been shown that the standard track finding can be adapted to perform track finding in Heavy Ion events, yielding a track finding efficiency of about 75%.
Powerful statistical techniques have also been introduced in order to robustify track and vertex fitting. The Gaussian-Sum track fit is well-suited to treat the Bethe-Heitler energy loss distribution of bremsstrahlung in electron reconstruction. In vertex reconstruction, Trimming and Adaptive methods are shown to improve the vertex position resolution and reduce resolution tails.
Track and vertex reconstruction software in CMS is well-advanced. Benchmark analyses, meant to ensure the readiness of the CMS reconstruction and analysis software before LHC startup, will test this software further and ensure that the required functionality is available.
